Introduction
Myelodysplastic syndromes (MDS) comprise a heterogeneous group of clonal hematopoietic stem cell disorders characterized by abnormal differentiation and maturation of hematopoietic cells, bone marrow (BM) failure and genetic instability, with an enhanced risk of progressing to acute myeloid leukemia (AML). 1 Iron overload (IOL), as a consequence of frequently administered red blood cell transfusions (RBCT) and/or ineffective erythropoiesis, is a common finding in MDS. The effects of toxic iron species in other iron loading diseases, such as primary hemochromatosis, thalassemia and sickle cell anemia are well known, but the consequences in MDS are less clear. [2] [3] [4] With an expected median survival of 2.4-11.8 years in lower risk MDS (LR-MDS) patients, 5 these patients are prone to long-term accumulation of iron due to RBCT as well as direct iron toxicity due to the formation of reactive oxygen species (ROS). 6 Several studies have reported beneficial effects of iron chelation therapy (ICT) on overall survival (OS) and other clinical outcomes in MDS patients with IOL. [7] [8] [9] [10] However, valid data on the effect of ICT are limited, as most studies are carried out in small or highly selected patient groups, or suffer from serious methodological problems such as confounding by indication. Performing a randomized, controlled trial to explore this is cumbersome due to patients' widespread belief in the beneficial effects of ICT and also the personal opinion of many treating physicians, which may negatively affect enrollment. Likewise, patients included in a randomized, controlled trial do not generally reflect the actual LR-MDS patient group, which is usually made up of elderly patients with multiple comorbidities.
In addition to the possible beneficial effects of ICT on OS, there is increasing evidence to indicate hematologic improvement in patients during treatment with iron chelators. [11] [12] [13] [14] [15] [16] Alongside improvement in hemoglobin, platelet, and neutrophil levels, transfusion independence is achieved in a minority of chelated patients. 11, 12, 14 The underlying mechanisms are still unclear. 17 The aim of this study was to evaluate the effect of ICT on OS, hematologic improvement, and ferritin levels in lower risk MDS patients in the European MDS (EUMDS) Registry.
Methods
The EUMDS registry prospectively collects observational data on LR-MDS patients from 142 centers in 16 countries in Europe and Israel. Patients were included within 100 days of MDS diagnosis according to the World Health Organization 2001 classification, restricted to patients with a low or intermediate-1 score according to the International Prognostic Scoring System (IPSS). 18 IPSS was the current prognostic indicator at the start of the registry, in accordance with the currently used prognostic score; the Revised-IPSS (IPSS-R) was reconstructed afterwards. The ethics committees of all participating centers approved the protocol and all patients provided written informed consent. Data were collected at baseline and at each 6-monthly routine outpatient follow-up visit. Data were collected on: comorbidity, transfusion history, use of iron chelators (agent, time frame; no drug doses or schedules were collected), peripheral blood values, conventional iron parameters (e.g. serum ferritin), bone marrow pathology, and progression to higher-risk MDS or AML. Subjects were prospectively followed until death, loss to follow up, or withdrawal of informed consent.
In Europe, three iron chelators are available for treatment of secondary IOL, but availability varies between countries. We analyzed all patients, chelated or non-chelated, who are eligible for receiving ICT based on at least one criterion for starting ICT (cumulative ≥15 RBC units, RBCT intensity of ≥1 unit/month during a 6-month period, or serum ferritin level >1000 mg/L), thereby preventing immortal time bias. As chelated and nonchelated patients may differ in characteristics that affect outcome, two different approaches were performed in order to control for potential bias: 1) analysis of all eligible chelated and nonchelated patients using receipt of ICT as a time-varying co-variate, adjusting for co-variates related to both receiving ICT and OS: sex, age, comorbidity, performance status, RBCT intensity, number of units transfused, IPSS-R, and presence of ringed sideroblasts; 2) Propensity Score (PS), i.e. conditional probability for being treated with ICT on the basis of patient characteristics, matching of the same group. Variables included in the PS were: age, sex, country, RBCT intensity, ferritin level, MDS comorbidity index, performance status, and IPSS-R. A 3-to-1 nearest neighbor matching method with replacement and caliper (0.2) was applied. 19 In addition, we used a robust sandwich estimator to correct for intra-individual correlation of multiply used controls. Further details on the PS matching are provided in the Online Supplementary Methods. [20] [21] [22] OS was defined as the time from eligibility for ICT to death; subjects still alive were censored at the last follow-up date. Cox proportional hazards regression models and Kaplan-Meier survival curves were applied and hazard ratios (HR) with 95% confidence intervals (95%CI) were reported. 23 Erythroid responses were defined as a reduction in RBCT density (number of RBCT over time; see Online Supplementary Methods for definition and details) or as transfusion independency at least once as the transfusion density was reduced to zero, platelet responses were assessed according to the modified International Working Group (IWG) criteria. 24 Ferritin responses were defined as a decrease of ≥1000 mg/L or a drop of the serum ferritin value below 1000 mg/L.
All analyses were undertaken in Stata 15 (StataCorp, College Station, TX, USA).
Results

Patient population
Data were extracted from the EUMDS registry on July 5 th 2017, 2,200 patients, diagnosed between December 3 rd Table 1 . Baseline characteristics of non-chelated and chelated patients at the check-up prior to reaching the eligibility criteria and estimates of overall survival. 2007 and April 25 th 2017, had been registered, of which 1,161 patients received at least one RBCT and 224 patients received iron chelation therapy (ICT) ( Figure 1 ). A small proportion of patients had received ICT without being transfused or prior to starting RBCT, these subjects generally had a high ferritin level and were excluded from subsequent analyses. Of the 1,161 transfused patients, 850 patients had been transfused for a duration of ≥2 months. Out of these 850 patients, 689 met the eligibility criteria. Online Supplementary Figure S1 summarizes the number of patients who reached each criterion. At the time of analysis, 236 patients were deceased (154 nonchelated, 82 chelated) and nine patients progressed to high-risk MDS or AML (4 non-chelated, 5 chelated). Table 1 shows the characteristics of the 689 patients at the check-up prior to meeting one of the eligibility criteria; the date of this check-up is when the patients entered this analysis. Mean age of the 199 chelated patients was 70 years and these patients were younger than the nonchelated patients (mean age was 76 years). Median time from date of diagnosis to date of meeting the eligibility criteria was seven months in the non-chelated and eight months in the chelated subjects. The median follow-up period from study entry for chelated and non-chelated patients was 39.4 months (range 4.1-106.6 months) and 27.1 months (range 2.5-105.6 months), respectively. Nonchelated subjects had a higher number of cumulative units transfused than chelated subjects (4 vs. 2 units) at time of inclusion and, on average, chelated patients had 13 units transfused prior to commencing ICT. The latter had a higher median ferritin level recorded at baseline (675 mg/L vs. 547 mg/L), and this had increased to 1,221 mg/L prior to start of ICT. While non-chelated and chelated subjects had similar IPPS-R scores, chelated patients had fewer co-morbidities as measured by the MDS-CI score and a better performance status as measured by Karnofsky Performance Status. OS was estimated using receiving ICT as a time-dependent variable, hence the number of patients reported in the risk table in Figure 2 reflects the time when a subject commences ICT. The hazard ratio for OS in the univariate analysis was 0.57 (95%CI: 0.45-0.73) ( Table 1 and Figure 2 ). This benefit increased when adjusted for the factors in Table 1 and the following variables: sex, RBCT intensity, and the presence of ringed sideroblasts (HR: 0.50, 95%CI: 0.34-0.74). No statistically significant interactions were detected when using a sophisticated prediction-type model. When we restricted the analysis to patients who were treated with deferasirox (the largest group), thereby excluding possible differences between patients using different chelators, the crude HR for OS was 0.53 (95%CI: 0.40-0.69) and the adjusted HR for OS was 0.38 (95%CI: 0.24-0.60). Out of the 199 chelated patients, 150 received deferasirox as the initial chelator, 36 deferoxamine, and 13 deferiprone, and differences were seen in the baseline characteristics by type of chelator with deferasirox-treated patients being younger and fitter. Twenty-two patients switched from one chelator to another, or were treated with all three chelators consecutively (Online Supplementary Table S1 ), but usually the treatment period of the second chelator was shorter than the treatment period of the first chelator. The median time on chelation for all 199 patients was 13 months (range 3-41 months) and patients who were initially treated with deferoxamine had inferior OS compared to deferasiroxtreated patients (adjusted HR: 2.46, 95%CI: 1.12-5.41) ( Table 1 ). The OS of the deferoxamine-treated patients was similar to non-chelated patients (adjusted HR: 0.98, 95%CI: 0.52-1.86).
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Matching of chelated and non-chelated patients by propensity scores
The variables used in the propensity score matching are described in Online Supplementary Table S2 for all eligible patients by chelation status, initially excluding any missing variables and then after multiple imputation (MI). Along with the factors already shown in Table 1 was a difference by country as to whether a patient was treated with ICT; patients in the UK were less likely to be treated. The overlap of propensity scores of both groups (chelated and non-chelated), which is essential for PS matching, was good for the majority of the patients (Online Supplementary Figure S2 ). The matched MI dataset included 197 of 199 chelated cases and identified 591 non-chelated controls. There were no differences by sex, RBCT intensity, cumulative RBCT units, serum ferritin levels, comorbidity, performance status, IPSS-R, presence of ringed sideroblasts, quality of life (QoL), and country between both groups ( Table 2 ). Figure 3 shows the unadjusted survival plot by ICT status with receiving ICT as a time-dependent variable for the matched patients. A multivariate Cox proportional hazard model was used to adjust for potential confounders (age, sex, comorbidity, performance status, monthly RBCT intensity, number of RBC units transfused, IPSS-R, and presence of ringed sideroblasts). The estimated crude and adjusted hazard ratios were 0.70 (95% CI: 0.51-0.95) and 0.42 (0.27-0.63), respectively (Table 2 ) and the adjusted survival curve is shown in Figure 4 . When we again restricted the analysis to the deferasirox-treated patients, the crude HR for OS was 0.63 (95%CI: 0.45-0.88) and the adjusted HR was 0.34 (95%CI: 0.22-0.53).
The distribution of erythropoiesis-stimulating agent (ESA) and lenalidomide-treated patients among chelated and non-chelated patients at time of eligibility were similar in the unmatched and matched sample. A sensitivity analysis excluding the treatment of ESA and lenalidomide showed similar results. haematologica | 2020; 105(3) Figure 5 shows the changes in transfusion density over eight visits in chelated and non-chelated patients. Fortyeight (62.3%) of the 77 responding patients were treated with ESA and 16 (20.8%) were treated with lenalidomide during chelation therapy. Compared to first check-up, 61 of the 197 chelated patients (31.0%) had a reduction in transfusion density, i.e. an absolute decrease, during at least one interval between check-ups, two patients (1.0%) maintained the same density throughout, and 134 (68.0%) never had a reduction in transfusion density. For those patients who showed a reduction, the average value in the monthly rate was -1.63 units per month (SD: 2.12, median: -0.96) compared to first check-up. Figure   6A shows the monthly RBC transfusion density for chelated patients with and without an erythroid response and non-chelated patients. In terms of becoming transfusion independent, 35 (17.8%) of the 197 treated patients had at least one interval between check-ups of approximately six months during which they had not received any further transfusions and 19 (9.6%) of the 197 patients were transfusion independent during more than one interval between check-ups after starting chelation therapy. In total, 54 patients (27.4%) became (temporarily) transfusion independent. In total, 77 chelated patients had an erythroid response: 61 patients had a reduction in transfusion density, and 16 patients who did not have a reduction in transfusion density became transfusion independent during at least one interval between check-ups. haematologica | 2020; 105(3) 
Impact of iron chelation therapy on hematopoiesis and ferritin levels
P<0.001
We observed hematologic responses with all chelating agents.
A subgroup of chelated patients had an at least temporary platelet response (22.9%) over time. Median platelet counts were in the normal range in both the chelated and non-chelated group. Figure 6B demonstrates ferritin levels of chelated patients with and without a ferritin response and nonchelated patients. Fifteen (51.7%) of the 29 responding patients were treated with ESA and five (17.2%) were treated with lenalidomide. A subgroup of patients had a ferritin response (5.6-23.5%) over time. Responding patients showed ongoing mean serum ferritin levels of approximately 1000 mg/L, whereas non-responding chelated patients had mean ferritin values of approximately 2100 m/L.
Chelated patients follow up
On average, chelated patients did not start therapy until 17 months after diagnosis (Table 1 ). Of the 199 chelated patients, at the time of the analysis, follow up was ongoing for 148 patients, for seven patients their disease had progressed to higher risk MDS/AML, 29 patients had died, and four have missing values of treatment dates (these four patients are still ongoing), nine patients had withdrawn from the study (four of these because of disease progression and five after starting intensive treatment such as an allogeneic stem cell transplantation), and six were lost to follow up. Most patients (101 of the 148 ongoing patients) were receiving chelation at the time of the last report. Twenty of the 199 chelated patients switched from deferasirox to another chelating agent.
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Reasons for cessation of iron chelation therapy
Information on reasons of cessation of ICT was not routinely recorded in the study. However, information about the deferasirox-treated patients was available for seven patients: fatigue and diarrhoea (1 patient), physician's choice (1 patient), economic reasons (1 patient), renal failure (1 patient), no effect (1 patient), dyspepsia (1 patient), and lower limb cramps and dosage change (1 patient).
Renal function
Non-chelated patients had slightly higher median creatinine values compared to chelated patients at time of eligibility [non-chelated: median 86 mmol/L (p10-p90: 61-135); chelated: median 79 mmol/L (p10-p90: 59-107)]. Forty-four chelated patients had higher serum creatinine levels at the first visit after discontinuing chelation compared with creatinine levels at time of eligibility (P=0.02 for all chelating agents and P=0.03 for deferasiox-treated patients). Renal function in non-chelated patients increased similarly over time (Figure 7 ).
Discussion
The results of this study indicate that ICT may improve OS in transfusion-dependent lower-risk MDS patients (LR-MDS). Our results are in line with several previously reported studies. [7] [8] [9] [10] 12, [25] [26] [27] [28] Some of these studies attempted to correct for confounding factors, but still suffered from confounding by indication. This generally results in an overestimation of the beneficial effect of ICT on OS in LR-MDS patients. So far, one randomized controlled trial has been reported on this subject. The randomized, placebo-controlled, TELESTO trial 29 evaluated the event-free survival (EFS) (a composite outcome, including non-fatal events related to cardiac and liver function, and transfor-mation to AML or death) and safety of deferasirox versus placebo in low-and intermediate-1-risk MDS patients. This study demonstrated an EFS risk reduction of 36.4% in the deferasirox arm (P=0.015). However, there was no difference in median OS in the deferasirox-treated arm (HR 0.83, 95%CI: 0.54-1.28, P=0.200) when compared with placebo, but more than 50% of the placebo-treated patients switched to ICT after study treatment discontinuation (the placebo drug). The results of the TELESTO study are in line with our results. However, the included patients may not represent 'real-life' elderly MDS patients with multiple comorbidities, as reflected by the mean age of 61 years old of the patients included in TELESTO study compared to the mean age of 70 years in the EUMDS Registry study. Furthermore, low accrual rates and the crossover to ICT after cessation of the placebo, affected the statistical power of the TELESTO study.
Meanwhile, well-designed prospective observational data, reflecting, 'real-life' data, contribute to the better understanding of the effect of ICT on OS in LR-MDS patients. Recently, a study from the Canadian MDS registry demonstrated a superior OS for 83 chelated patients compared to non-chelated patients (5.2 vs. 2.1 years; P<0.001). 30 The patients in this study were selected at the onset of transfusion dependency. Chelated patients became transfusion-dependent at a much longer interval from diagnosis than non-chelated patients (median 18 vs. 6 months) and OS was calculated from the time of becoming transfusion-dependent. Even after matching, some incomparability between the two groups remained in factors like concurrent treatment, presence of ringed sideroblasts, and ferritin levels. Therefore, confounding cannot be excluded in this study. Nevertheless, their conclusions are in accordance with our findings, supporting the probable beneficial effect of ICT on OS in LR-MDS patients.
The mechanisms by which ICT influences OS after a relatively short exposure to iron chelation therapy (median duration of 13 months) are not completely understood. A recently published study of the EUMDS Registry, as well as the follow-up data of this study, demonstrated detectable labile plasma iron (LPI) levels to be associated with inferior OS in LR-MDS patients. 31, 32 The risk of dying prematurely in patients with detectable LPI levels occurred too early in this study to explain this risk by classical IOL due to organ toxicity (e.g. liver and heart) after long-term transfusions, but this indicates a direct toxic effect associated with elevated LPI levels. 31 Likewise, there is increasing evidence that increased LPI levels may be a general predictor of an increased nonrelapse mortality during and after hematopoietic stem cell transplantion. 33 Toxic iron species are known to catalyze the cellular generation of ROS, which play a key role in cellular damage. 34, 35 ROS damage (mitochondrial) DNA, with potential consequent genomic instability, mutagenesis, and cell death. ROS are associated with leukemic transformation of the MDS clone. 6 Moreover, ICT is associated with a decrease in LPI and ROS. 6, 16 Overall, the present study indicates that ICT may partly counteract the unfavorable consequences of secondary IOL.
In up to 31.0% of chelated patients a reduction in transfusion density was observed during at least one interval between check-ups. Likewise, 27.4% of the responding patients became, at least temporarily, transfusion independent. Platelet responses were less frequently observed. However, platelet count in this context was less relevant because the platelet counts in both groups were within the normal range, and will not likely lead to severe bleeding complications. Contemporary treatment with ESA and/or lenalidomide may have enhanced these responses.
Several previous studies recorded hematologic responses to ICT. [11] [12] [13] [14] [15] [16] While the percentage of patients with hematologic responses in these studies are in line with the present study, none of the former studies included a control group in their analyses. One of the key factors is the relatively short period of ICT (median 13 months) in this study. The duration of ICT may improve by the introduction of a better tolerated formulation of deferasirox. 36 ICT is usually prescribed relatively late after detection of signs of IOL. Earlier initiation of ICT may prevent or decrease the occurrence of transfusional iron toxicity on hematopoiesis. Moreover, we recorded data only at 6monthly intervals. Short duration hematologic responses in between check-ups may be missed by this approach. But on the other hand, short-term responses may not be clinically relevant.
Pre-clinical studies have shown a beneficial effect of ICT on hematopoiesis. 35, 37 Inhibition of the transcription factor NF-κB, involved in many cellular processes, and modulation of mammalian target of rapamycin (M-TOR) signaling, a major regulator of cell death and proliferation, have been proposed to play a role. 17 Future studies should address this issue appropriately.
In the trajectory analyses, ferritin responses occurred in up to 23.5% of the chelated patients. Serum ferritin levels have frequently been reported to be a prognostic marker in LR-MDS patients, but serum ferritin is an imprecise surrogate marker for secondary IOL and toxicity. 38, 39 This is reflected by the observation that a relatively small pro-portion of chelated patients have a considerable decrease in serum ferritin levels, while these patients show a significant survival benefit. Serum ferritin levels are influenced by the stage of MDS and by concurrent infection and inflammation, which is common in LR-MDS patients. 38 In addition, there is no convincing evidence regarding its use for monitoring secondary IOL in MDS patients. 38, 40 Tissue biopsy and MRI T2* are currently regarded to be the most specific and sensitive diagnostic tests for detecting IOL. 38 However, the clinical utility of these assays remains unclear in MDS and invasiveness (biopsy), unavailability, and expense (MRI T2*) hamper their general use in clinical practice. As discussed above, LPI is associated with inferior survival in LR-MDS patients. 31, 32 Future studies are warranted to evaluate the effect of ICT on LPI levels as a measure of iron toxicity. Measurement of oxidative stress, including malondialdehyde, a long-lasting lipid peroxidation product, formed as a consequence of oxidative stress from IOL, are also possible future markers to detect and monitor the biological consequences of secondary IO in LR-MDS patients, should they be proven to correlate with clinical outcomes. 41, 42 Analysis of renal function demonstrated that ICT is associated with an increase in creatinine levels. In some patients, this will be clinically relevant and/or a reason to stop or lower the dose of ICT. In other patients, an increase in creatinine levels will not affect cessation of ICT.
This large cohort, with prospectively collected 'real-life' data from diagnosis, provides a unique opportunity to study the effect of ICT in a large number of lower-risk MDS patients in daily practice. An important strength of the study is that the results can be widely generalized to this, mostly elderly, patient population with multiple comorbidities, who are typically excluded from clinical trials. The variation in iron chelation practice across the different countries, due to variable interpretation of the poor quality outcome data for ICT in MDS, made it possible to compare the effects of ICT on OS to a non-chelated control group. In Europe, unlike in the United States, socio-economic status does not influence the prescription of ICT (either deferoxamine or deferasirox) because the costs are covered by the national health systems.
Since conventional statistical modeling is limited by the number of co-variates to be added to a model, propensity-score matched analysis is able to incorporate more confounding factors in the model, including country-specific effects. Confounding by indication, a common problem in observational studies, is maximally reduced by using the propensity-score matched method and is, therefore, a major strength of this study. To our knowledge, we are the first to apply this method in order to adequately deal with confounding in this setting.
Limitations of our study include the moderate sample size of the deferoxamine and deferiprone groups. In addition, our analysis could not consider differences in dosing schemes and therapy compliance. This prevented us from drawing definitive conclusions of the effect of the separate iron chelators on OS. Data were collected at the scheduled 6-monthly intervals. Subtle changes in patientrelated factors in the intervening 6-month period may have been missed. Not all patients can be matched by the propensity score approach. This might introduce selection bias. However, the same magnitude and direction of Iron chelation in lower risk MDS patients haematologica | 2020; 105 (3) the results were seen in the analysis of the unmatched samples. Therefore, in this case, propensity-score matching will probably not have led to significant selection bias. Finally, despite using a large control group, eligible for using ICT, and a propensity-score matched analysis corrected for many known and measured confounders, we cannot exclude residual confounding. Considering the size of the effect, it is unlikely that residual confounding would explain the difference found between chelated and non-chelated patients.
In summary, the results of this study suggest that ICT may improve OS and hematopoiesis in transfused LR-MDS patients.
